A comprehension of the dielectric strength recovery processes during the interruption of short-circuit currents in the high-voltage SF 6 gas-blast circuit breakers is necessary for their modernisation in order to increase the rated voltage and short circuit breaking current per one break. This paper presents numerical results of the turbulence effects on the interruption ability in the SF 6 extinguishing arc chamber.
Introduction
The breakdown probability during the interruption mode increases with increasing the rated voltage. It is necessary to reach a good comprehension of physical processes occurring in high-voltage (HV) gas-blast circuit breakers (CBs) during the interruption mode for solving the above mentioned problem. It is possible to distinguish four phases of the dielectric strength recovery after the current zero [1] .
The first phase is related to the thermal mode. The hot-gas channel remains conductive. The thermal balance between heating and cooling processes, primarily due to the turbulent dissipation in the nozzle throat, plays the important role during this mode. This mode lasts several µs [1] .
The second phase is related to the dielectric mode. For this mode, the volume of the hot-gas channel is negligible in the downstream zone of the insulation nozzle, but in the upstream zone of the nozzle there is a considerable amount of hot-gas portions, especially in the stagnation zone. As well known, the thermal clogging is used for the additional pressure rise during the interruption process in the puffer-type HV gas-blast CB. On the one hand, the pressure rise helps to increase this interruption ability. On the other hand, the temperature in the compression volume increases too, and this leads to reduction in the upstream dielectric strength. Indeed, the experimental data [1, 2] show that the presence of conducting gas in the upstream zone of the nozzle may lead to the breakdown in the vicinity of the u 1 point (the four-parameter reference line for the transient recovery voltage (TRV)) for BTF (the breaker terminal fault 100%) [3] . At the same time, the experimental data [4] for the puffer-type CB with rated parameters of 50 kA, 300 kV (u 1 =239 kV, t 1 =119 µs [3] ), and insulation nozzle throat diameters d = 35, 40 (= d 0 , Fig. 1 ), 45 mm show a clear correlation between dielectric strength recovery and insulation nozzle throat diameter. This correlation is nonlinear, and the smaller nozzle diameter leads to the worst interruption ability.
The third phase is related with the additional gas heating due to recombination effects. The turbulent kinetic energy and the dielectric strength in the upstream zone are increasing rapidly during this mode, but there is a probability of the breakdown through the stagnation zones.
The final phase begins after ending the recombination. The dielectric strength is related to that of cold gas.
This paper analyses the arc and flow interface parameters that may influence the puffer-type HV SF 6 CB interruption ability in the vicinity of the u 1 point (between the 2 nd and the 3 rd modes) for different diameters of the insulation nozzle throat. Fig. 1 shows the schematic diagram of the puffer-type HV SF 6 CB that was used for the numerical simulation and the computational domain is plotted with dotted lines.
Mathematical Simulation
The insulation throat diameter varies within d = (0.85 − 1.15)d 0 . The diameter of the metal nozzle throat, d m , is 2 mm smaller than that of the insulation nozzle throat. The rated pressure is equal to p 0 = 7 atm. The current is changing with time according to the synthetic test with the stationary value I max = 2.5 kA, and dI/dt = -17.7 A µs −1 .
For numerical analysis of the insulation throat diameter impact on the dielectric strength recovery, the time-averaged system of equations was used, including the Navier-Stokes equations, the continuity and energy equations [5] . The Ohm law, models of the turbulent viscosity and radiation transfer are added to the system of differential equations.
The turbulence model for the steady state analysis takes into account the turbulence effects in the shear layer between arc and gas flow produced by two types of instability: both the shear instability and Rayleigh-Taylor instability [5] . For the unsteady state analysis, the "freeze"-theory for the kinematic turbulent viscosity, ν t , was used [5] . It means that at all moments vol.
no. / Arc Behaviours in the HV SF 6 Gas-blast interrupter of time when the current is rapidly falling down, the kinematic turbulent viscosity is assumed constant and its numerical value is equal to its stationary value. The dynamic coefficient of the turbulent viscosity, µ t , comprises the geometric mean density calculated in terms of the point density and that of the cold gas in this section. When the current is falling down, the arc density and the turbulent viscosity are growing after the current zero. For the radiation transfer, the "radiation conductivity"approximation was used [6] . The radiation transfer plays an important role in the heat transfer at the maximum current, but it does not matter after the current zero.
As known from experiments [7] , after the current zero there is the post-arc part where the temperature is falling down more quickly than in other parts. Therefore, we may assume that the gas dielectric strength will start to recover if the temperature on the arc axis reaches values of 3000 K at least at two points [8] .
For the numerical simulation, the home-made 2D CFD code was used based on the algorithm given in [9] together with the convective fluxes approximation by Roe's method [10, 11] . The gas material functions are computed based on the data given in [8] . The boundary conditions are presented in Fig. 1 . The unsteady state simulation time is equal to 300 µs, including the current falldown 141 µs period and dielectric strength recovery 159 µs period. Based on the experimental pressure curves [12, 13] , the inlet static pressure assumed constant during the simulation. The walls ablation and its influence on the pressure in the compression volume is not considered in this simulation.
Results and Discussion
Results of the numerical simulation are presented in Figs. 2-5. So, considered is the influence of the arc and flow interface parameters on the dielectric strength recovery in the vicinity of the u 1 point.
Tested are three moments of time related to the stationary arc parameters (-141 µs), the thermal breakdown phase (3 µs), and the dielectric breakdown phase in the vicinity of the u 1 point (119 µs). Fig. 2 shows the normalised turbulent viscosity (the ratio of turbulent viscosity, µ t , to the maximum value of µ t at d 0 and -141 µs) as the function of the normalised radial coordinate, r/d 0 , for the insulation nozzle throat at the steady state of the arc and flow. Obviously, the geometry with insulation nozzle throat being equal to 0.85 d 0 ensures the largest of the turbulence viscosity in the shear layer between the arc and flow. The difference between maximum values on the curve of this figure and those related to the insulation nozzle throat diameter being equal to d 0 is about 40%. The maximum value of the turbulent viscosity, µ t , decreases with increasing the nozzle throat diameter. It is due to the decrease in the pressure ratio leading to the decrease in the shear instability component of the turbulent viscosity, µ t .
The difference between nozzle throat diameters 0.85 d 0 and d 0 remains equal to about 40% at all moments of time. After the current zero, the value of the turbulent viscosity for d > d 0 increases more slowly than for d d 0 , and is practically independent of the nozzle throat diameter. This is due to the small value of the turbulent viscosity in the shear layer between the arc and flow. It means that after the current zero the turbulent heat transfer is weak and the temperature falls down (while the density grows up) more slowly than for geometries with d d 0 . Fig. 3 shows the normalised turbulent viscosity (the ratio of turbulent viscosity, µ t , to the maximum value of µ t at d m and -141 µs ) as the function of the normalised radial coordinate, r/d 0 , for the metal nozzle throat at the steady state of the arc and flow. Obviously, the turbulent viscosity in the metal nozzle throat reveals the same behaviour as in the insulation one. The difference between 0.85 d 0 and d 0 nozzle throat diameters is equal to about 33% at all mo-ments of time. After the current zero, the value of the turbulent viscosity for d > d 0 increases more slowly than for d d 0 and is practically independent of the nozzle throat diameter similar of the insulation nozzle throat. Fig. 4 shows the average temperature on the axis, T axis, mid , as the function of time, t. The maximum temperature relates to the maximum nozzle diameter, 1.15 d 0 . In [7] it is shown, that the arc radius is in the inverse relationship to the pressure. For the geometry considered, the pressure is smaller and the arc radius is maximum in all presented geometries. Considering that the synthetic test is used, the Joule heating is the same for all cases. Therefore, the lowest temperature is reached when the arc radius is largest. However, it should be noted that the steady-state temperature for all geometries are about 18000 K, that is consistent with the experimental data [7] . In the vicinity of the current zero the average axial temperature is about 10000 K, except for the 1.15 d 0 insulation nozzle throat diameter. The minimum turbulent viscosity in this nozzle is related to the weak decay of the conductivity in the post-arc channel. Moreover, in this case, the pressure ratio is less than the critical value for this geometry, and the convective heat transfer is weaker than in other computations. In the vicinity of the u 1 point all curves show temperatures smaller than 3000 K, except for the 1.15 d 0 insulation nozzle throat diameter. It means that the most part of the gas on the axis is non-conductive, but gas conductivity zones exist near the outlet boundaries in the computational domain. Fig. 5 shows the normalised radius of the conductivity zone in the insulation nozzle throats (the ratio of the conductivity zone radius, r cond , to that for the insulation nozzle throat diameter, r cond (d 0 ), at every moment of testing) as the function of the normalised insulation nozzle throat diameter, d/d 0 . This figure presents only two curves because in several microseconds the temperature in the insulation nozzle reaches 3000 K and the gas becomes non-conductive. The maximum radius is related to the 1.15 d 0 . Moreover, the falldown rate for d > d 0 is smaller than that for d d 0 .
Considering the above mentioned, we assume that the minimum diameter (0.85 d 0 ) ensures the best arc and flow interface parameters for arc interruption and dielectric strength recovery. Nevertheless, this analysis does not take into account the wall ablation. The arc radiation is very intensive at the current peak in the HV CB [4] . The reduction in the nozzle throat diameter leads to the increase in the thermal clogging time. The long-time clogging leads to the nozzle wall erosion and the increase in the nozzle throat diameter due to the long-time arc filling of the nozzle. Therefore, the gas high temperature in the compression volume may lead to the slower falldown of the post-arc temperature and the increase in the breakdown probability [4] . The approximate estimate [7] gives the arc radius about 35 mm for simulations. In this case, the thermal clogging can be strong enough, that is confirmed by the data [4] . Therefore, it may be assumed that the insulation nozzle throat diameter should exceed the arc radius by 10-15%. In this range of throat diameters, the thermal clogging ensures the pressure ratio leading to the flow conditions under which the arc interruption is successfully fulfilled. On the other hand, the temperature rise in the compression volume due to the nozzle clogging has no significant effect on the dielectric strength recovery. If the nozzle diameter exceeds this range, the pressure rise in the compression volume is not great enough to ensure the successful arc interruption.
Conclusions
The numerical analysis shows that the arc interruption and dielectric strength recovery in the puffer-type HV CB (BTF 100%) are closely related to the arc and flow interface parameters, which ensures the dominant cooling mechanisms, such as turbulent and convective heat transfer. The above mentioned range of the insulation nozzle throat diameter range may be used when we provide arc and flow interface conditions for successful arc interruption. In this paper, the wall ablation was not taken into account, but this is one of the causes of the breakdown through the wall boundary layer with the rated voltage per one break increasing in the puffer-type HV CB. When considering the impact of the insulation nozzle ablation on the dielectric strength recovery it will help us to predict BTF 100% test results more qualitatively. vol.
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